Aegean domain North Anatolian Fault Zone Morphometry R/S R index Drainage network Uplift While the Plio-Quaternary uplift of the Kazdag mountain range (Biga Peninsula, NW Turkey) is generally acknowledged, little is known about its detailed timing. Partly because of this lack of data, the cause of this uplift phase is also debated, being associated either to back-arc extension in the rear of the Hellenic subduction zone, to transpression along the northern edge of the west-moving Anatolian microplate, or to extension driven by gravitational collapse. Here, we perform a morphometric study of the fluvial landscape at the scale of the Biga Peninsula, coupling the recently developed R/S R analysis of the drainage network with concavity and steepness measures of a set of 29 rivers of all sizes. While the dependence of profile concavity on basin size confirms that the landscape of the peninsula is still in a transient state, the spatial distribution of profile steepness values characterized by higher values for streams flowing down from the Kazdag massif shows that the latter undergoes higher uplift rates than the rest of the peninsula. We obtain a S R value of 0.324 ± 0.035 that, according to the relation established by Demoulin (2012), yields an age range of 0.5-1.3 Ma and a most probable value of 0.8 Ma for the time of the last tectonic perturbation in the region. In agreement with the analysis of knickpoint migration in a subset of rivers, this suggests that a pulse of uplift occurred at that time and, corroborated by sparse published observations in the Bayramiç and Çanakkale depressions, that the peninsula was uplifted as a whole from that time. This uplift pulse might have been caused by transient compressive conditions in the Anatolian plate when the Eratosthenes seamount came to subduct beneath the Cyprus arc around the early-to-mid Pleistocene transition (Schattner, 2010) .
Introduction
Squeezed between the converging African and Eurasian plates, the Eastern Mediterranean region is an area of active geodynamics where ongoing crustal deformation and high seismicity result from complex interactions between competing forces (Taymaz et al., 2007) . Since the Late Cretaceous closure of the Neotethyan basins, its evolution is governed by northward subduction of the African plate along the Hellenic trench in the west and continental collision between Arabia and Turkey in the east (Fig. 1A) . Northward motion of the Arabian indenter led to the formation of the Caucasus orogen and caused extrusion of the Anatolian microplate, whose westward escape, accompanied by counter-clockwise rotation, is guided by the North and East Anatolian strike-slip faults. In the same time, in response to slab retreat and, possibly, post-orogenic collapse (Taymaz et al., 2007 , and references therein), extension dominated much of the Cenozoic evolution in the Aegean Sea and western Turkey and is still prevailing in the whole area, from the Corinth rift (Bell et al., 2009; Floyd et al., 2010) to the horsts and grabens of western Turkey (Çiftçi and Bozkurt, 2009; Kurtuluş et al., 2009; Süzen et al., 2006) . GPS velocities (Reilinger et al., 2006) show that back-arc extension in the Aegean is currently more rapid than the westward motion of Anatolia, thus accommodating the latter's displacement and still allowing local graben formation.
Within this complex pattern of deformation, northwestern Turkey, and especially the Biga Peninsula are situated just where the westward propagating North Anatolian strike-slip fault meets the North Aegean extensional domain. This region offers therefore an excellent opportunity to explore controversial issues about causes and timing of repeated tectonic uplift since the Miocene (e.g., Altunkaynak and Genç, 2008; Yilmaz, 2008) and to put these uplift episodes in their geodynamic context. However, except for the development of the North Anatolian Fault Zone (NAFZ) in the north (Sengör et al., 2005) , the chronology of the Quaternary tectonic evolution of the peninsula remains poorly constrained, as illustrated in the uplifted Kazdag range (Fig. 1B) , where no detailed temporal data exist to go beyond general agreement on an overall Plio-Quaternary upward motion. Yet, a better knowledge of the timing and spatial distribution of this uplift and of the associated deformation style would be very helpful not only for better constraining the regional Quaternary tectonics, but also for improving seismic hazard assessments that are highly needed in these densely populated areas.
Indeed, although the 1999 Izmit earthquake recently directed much attention on the northern branch of the western termination of the NAFZ in the Marmara region, the seismicity associated with its active ES. Eratosthenes seamount. The GPS-derived displacement rates of the Anatolian plate (Reilinger et al., 2006) are given with respect to a fixed Eurasian plate. The black rectangle locates the study area. B. Simplified map of the drainage network and of its relations with active tectonic structures in the Biga Peninsula, NW Turkey. Focal mechanisms of post-1940 M w ≥ 6.0 earthquakes are located at the respective earthquake epicentres. Barbed lines denote normal faults. central and southern branches across the Biga Peninsula is also significant, with several damaging earthquakes of M w~7 in the last 70 years (Cavazza et al., 2009; Kürçer et al, 2008) (Fig. 1B) .
As Quaternary uplift amounted to a maximum~0.5 km, lowtemperature thermochronology is of limited use in the analysis of the peninsula's recent denudation (Cavazza et al., 2009) , and the best evidence thereof comes from the landscape morphology itself. Among the geomorphological tools most relevant for highlighting short-term variations in Quaternary vertical tectonics, studies of raised marine terraces are often effective in coastal areas (e.g., Cucci, 2004) , while those dealing with river terraces are invaluable in unraveling regional uplift and incision histories (e.g., Peters and van Balen, 2007) . Marine terraces have so far been studied only along the northern margin of the Biga Peninsula, in the Çanakkale (Dardanelles) area (Yaltırak et al., 2002) , and, to our knowledge, the terrace staircase of the rivers draining the interior of the peninsula and especially the Kazdag range has as yet not been discussed, except for very general considerations (Efe, 1994; Efe et al., 2011; Koç, 2007) . Consequently, precise age constraints on the regional uplift are almost totally lacking. In this paper, we thus combine a detailed geomorphometric analysis of the regional drainage system's vertical component, i.e., river incision, with modelling of knickpoint migration along river profiles, from which we infer an approximate age for the drainage system's last episode of erosion in response to accelerated uplift. Several papers recently calculated classical morphometric indices to assess the youth of river valley incision in the Kazdag area and they concluded that uplift and fault activity are currently going on (Bayer Altin, 2012; Cürebal and Erginal, 2007) , but such simple indices as the SL index of Hack (1973) or measures of concavity and steepness of river profiles can at best provide qualitative information. Therefore, in order to derive more quantitative age estimates of the Biga peninsula/Kazdag range uplift, our morphometric approach will strongly rely on the use of a promising new global landscape metric that provides a synthesizing, scaled measure of river incision. This metric has been devised to describe the scale-dependent 'incision advance' taken by an eroding river with respect to its network of tributaries (Demoulin, 2011) and leads to the definition of an index of regional value that was recently shown to be able to extract time information from the topography (Demoulin, 2012) .
Geological and geomorphological setting

Present morphology of the Biga Peninsula
With mean altitudes of 300-350 m asl, the Biga Peninsula is mainly a hilly region that progressively rises southward toward the Kazdag area, a range extending over 1100 m asl, with a few summits culminating above 1700 m asl (Fig. 1B) . Though rock types of highly varying erodibility are exposed to erosion, the distribution of the topographic masses is primarily dictated by the location of active structures, rather than by lithology. The peninsula is characterized by the tectonically controlled NE-SW elongation of its major topographic features, although some lowland areas (e.g., the Bayramiç basin), and especially the southern coastline of the peninsula, display a more E-W trend. The NE direction refers to the strike of the numerous fault segments that compose the central and southern branches of the NAFZ running across the Biga Peninsula (Fig. 1B) , and that generally locate the contact between range and lowland. As for the E-W trend, it corresponds to the direction of maximum horizontal stress within the Aegean extensional domain.
Made of basement metamorphic rocks, the~55-km-long Kazdag range is highly asymmetric, opposing gentler slopes that roughly correspond to tilted Neogene surfaces on its northern flank to very steep slopes going down in a few kilometres to the Gulf of Edremit and its eastward onshore prolongation in the Edremit basin to the south. This asymmetry results from the back tilting of the Kazdag horst acting as the footwall of the border faults of the Edremit graben, one of the largest E-W trending grabens of western Anatolia. There, the narrow coastal zone at the foot of the range is occupied by alluvial fans fed by the erosion of the relief. By contrast, the coastal plains on the western and especially northern sides of the peninsula are much wider, notably in the extended Biga and Gönen basins that open to the Marmara Sea in the north. Next to the Kazdag range and its NE forerunners around Tabankoy, the second largest elevated area in the peninsula corresponds to topographic highs up to 800-900 m asl situated on Oligocene volcanic rocks in the NW, and prolonged to the SW by the lower but sharply delimited Ezine horst at~500 m asl (Fig. 1B) .
The N-S asymmetry of the topography is reflected by the hydrographic network, the drainage divide of the peninsula following the summit line of the Kazdag, only about 20 km north of the southern coastline. The southern flank of the massif is thus drained by a number of small parallel streams currently actively incising narrow valleys within the range and flowing into the Gulf of Edremit. The streams flowing down the northern slopes of the Kazdag massif gather in a main collector, the Karamenderes River, which runs from NE to SW, passes across the Bayramiç basin and turns then to the north to finally flow into the southern end of the Çanakkale Strait (Fig. 1B) . The opposite half of the wide NE-SW corridor between the Kazdag massif and the NW highs is drained by the Biga River toward the Marmara Sea. Finally, the third major stream in the peninsula, the Gönen River, collects the waters of the southeastern slopes of the Kazdag area and flows along the southern flank of the range before joining also the Marmara Sea in the north. These large rivers display stepped fluvial terraces bearing witness to the regional Quaternary uplift, Efe et al. (2011) identifying for example two levels of high terraces and one low terrace level within the lower Gönen River, which they assign respectively to the Lower-Middle and to the Upper Pleistocene, though without supporting evidence.
In brief, narrow valleys and steep long profiles of streams flowing down the Kazdag range and other elevated hills contrast with wider valleys and well-developed floodplains as soon as larger rivers reach the intervening or coastal lower areas, suggesting that ongoing river incision is the continuation of a well advanced landscape response, a conclusion that the location of knickpoints far upstream in many present-day river profiles also supports.
Neogene geodynamic evolution of the Biga Peninsula
The recent uplift of the Biga Peninsula and especially of the Kazdag area, which the drainage system is still currently responding to by incision and terrace development, belongs to the youngest of several phases of extension and uplift that affected western Turkey since the Miocene. Based on Rb/Sr data, Okay and Satir (2000) have shown that the metamorphic core complex of Late Oligocene age that is exposed in the uplifted Kazdag area was rapidly exhumed from~14 to 7 km depth during the phase of N-S extension that developed in the back-arc area of the Hellenic subduction zone in the Early Miocene (~20 Ma). According to Bonev and Beccaletto (2007) , the contemporaneous calc-alkaline magmatism of the Biga Peninsula bears also witness to this extension. Recently, new apatite fission track data yielded slightly younger ages (14-17 Ma, i.e., early Middle Miocene) for this first episode of exhumation and uplift of the Kazdag (Cavazza et al., 2009 ). Different models have been proposed to explain midCenozoic and later extension in the Aegean domain, namely orogenic collapse Scott, 1991, 1996) , active asthenospheric upwelling (Altunkaynak and Genç, 2008) , and rollback of the Hellenic trench (Okay and Satir, 2000) , the latter of which is now accepted as the main cause by most researchers (Armijo et al., 1999; Dilek, 2006; Jolivet and Brun, 2010) . Moreover, in their recent synthesis of the Cenozoic geodynamic evolution of the Aegean domain, Jolivet and Brun (2010) invoked delamination and possible slab tearing under western Turkey, i.e., processes providing dynamic support of the topography, and thus also contributing to uplift.
Lower and Middle Miocene clastic rocks deposited north and south of the uplifted massif are fine-grained lacustrine turbidites (Okay and Satir, 2000) , indicating that, after a phase of rapid exhumation and erosion, the Kazdag likely remained a low-lying emerged area for a long time (Yilmaz et al., 2010) , during which an erosion surface now observed at elevations of 1000-1100 m asl in the same area is also assumed to have been elaborated (Erol, 1982) .
Near the Mio-Pliocene transition, uplift of the Kazdag area and exhumation of its metamorphic core complex resumed. Okay and Satir (2000) think that this occurred during the Pliocene because the Kazdag gneisses appeared then at the surface and are found for the first time in Plio-Quaternary conglomerates and sandstones accumulated in the Bayramiç area, to the NW of the massif (Siyako et al., 1989) . As shear deformation related to the propagation of the NAFZ in western Turkey commenced during the Plio-Quaternary (Sengör et al., 2005) , Okay and Satir (2000) suggest that this new phase of Kazdag uplift was caused by transpression in an area of overstepping strike-slip faults belonging to the central (Biga fault) and southern (Güre fault, border faults of the Edremit graben) branches of the western end of the NAFZ, which splay across the Biga peninsula (Barka and Kadinsky-Cade, 1988; Yilmaz et al., 2010) (Fig. 1B) .
However, the evolution is arguably somewhat more complicated than this. The interrupted development of the Middle Miocene erosion surface (Erol, 1982) and deformation of the Lower and Middle Miocene cover rocks to the SW of the Kazdag (Yilmaz and Karacik, 2001) suggest that the uplift probably started earlier, sometime in the early Late Miocene. Indeed, in the same time, the resumption of the Biga Peninsula volcanism after a waning period between 15 and 11 Ma (Altunkaynak and Genç, 2008) is probably linked to reactivated slab retreat at the Hellenic trench and renewed N-S back-arc extension around 12 Ma (Meulenkamp et al., 1988) . However, the resulting denudation was apparently insufficient to bring the Kazdag metamorphic rocks to the surface by that time.
After this brief uplift episode in the early Late Miocene, sedimentation was restricted mainly to NE-SW trending grabens (e.g., the Etili graben) during the Late Miocene and the Early Pliocene (Yilmaz and Karacik, 2001) , suggesting that, even if at a slower pace, the intervening areas were still uplifting within a continued N-S extensional regime (Jolivet and Brun, 2010) . The resulting rugged structural topography was then partly beveled by a phase of intense erosion during the Late Pliocene (Yilmaz and Karacik, 2001) , which brought the Kazdag gneisses to the surface, after which they appeared as sediments in the adjacent grabens (Okay and Satir, 2000) . This last phase of regional denudation corresponds to the uplift event inferred by Erol (1982) from the current position of another erosion surface, now at elevations between 500 and 700 m asl around the Kazdag range, and that Yilmaz (2008) describes as truncating Upper Miocene and Lower Pliocene lacustrine limestones.
This youngest uplift phase is assumed to have been active until now and to have caused the ongoing denudation of the Kazdag massif and surrounding areas, whose erosion products, including Upper Miocene to Lower Pliocene sediments, were accumulated in Late Pliocene-Quaternary, E-W trending grabens, and especially in the Gulf of Edremit, to the south of the Kazdag. The specific character of this episode results from the propagation of the NAFZ at the western tip of the Anatolian plate affected by complex block rotations (Piper et al., 2010; Yilmaz et al., 2010) , and from the resulting interactions with the Aegean N-S extensional regime, whose persisting influence is underlined by the development of E-trending grabens (Gürer et al., 2006 ). Moreover, uplift persisted then under changing stress regimes, and namely through the early-to-mid Pleistocene tectonic transition noted by Schattner (2010) in the whole eastern Mediterranean realm and characterized in Anatolia and the Aegean Sea by a short-lived compressional phase around 1 Ma followed by renewed extension in a slightly changed direction.
In summary, three phases of uplift may be identified during the Neogene in the Biga Peninsula in relation with episodic extension in the Aegean realm (Cavazza et al., 2009) . While the Early Miocene to early Middle Miocene phase left no trace in the current morphology, the early Late Miocene phase stopped the evolution of an erosion surface currently raised at 1000-1100 m asl, and the Late Pliocene to Present phase in turn interrupted the bevelling of a younger, late Early Pliocene, erosion surface now found at 500-700 m asl. The amount of uplift recorded by the Kazdag during individual phases may be roughly estimated from the difference in present-day altitudes between these surfaces, which yields figures of 400-500 and 500-700 m respectively for the early Late Miocene and Plio-Quaternary uplifts. Moreover, as the current denudation phase is still in the stage of valley incision, the preservation of fluvial terraces within the valleys allows tracking second-order variations in uplift rate within the last period of Plio-Quaternary uplift. Though not much detailed, the reconstructed terrace staircase seems notably to have recorded an acceleration of the Kazdag uplift in the Middle Pleistocene (Efe, 1994; Erol, 1981 Erol, , 1982 Koç, 2007) .
Methods
Our analysis of the Quaternary morphological evolution of the Biga Peninsula is essentially based on a set of morphometric measurements. We first calculate two classical topographic indices characterizing individual river profiles of different sizes, namely profile concavity and steepness (Flint, 1974; Wobus et al., 2006) , and turn then to the determination of the new S R index proposed by Demoulin (2011) , which describes the stage reached by the whole landscape in its response to the last perturbation, assumed to be of tectonic origin. We also exploit knickpoints present in many river long profiles and model their retreat rate in order to derive an age range consistent with realistic values of the propagation rule's parameters.
Profile concavity and steepness
The concavity θ of a river profile is simply given by the slope of the log-log relation between channel gradient S and contributing drainage area A, while the intercept of this relation is defined as the profile steepness k. However, steepness will in general rather be expressed as k s = 10 k , i.e., the coefficient of the empirical power function be-
It has been shown that, at least for steady-state rivers, steepness k s is a function of rock uplift rate U (or, equivalently, of the uplift amount since a given time) . However, as this index is also strongly dependent on profile concavity, qualitative inferences on uplift rate are preferably drawn from normalized steepness values k sn , usually obtained by recalculating log S-log A correlations with a reference concavity θ ref fixed on the regional average of the observed concavities (Wobus et al., 2006) . Here, we will moreover consider an alternative expression of normalized steepness, which we shall simply equate with the residuals of the correlation between k and θ.
R/S R analysis
The landscape index S R corresponds to the first derivative of the regression function linking a complex landscape metric R to the natural logarithm of drainage area A (Demoulin, 2011) . The R metric can be calculated for fluvial catchments of every size and takes the form of a ratio of two-by-two differences between the normalized hypsometric integrals of the classical basin hypsometric curve H b , the drainage network hypsometric curve H n , and the trunk stream long profile H r (Fig. 2) . The drainage network hypsometric curve represents the percentage of the network pixels (or cumulated length) whose altitude is higher than every given value (standardized with respect to the catchment's altitudes). The R metric thus includes information related to three nested morphological levels respectively indicative of the long-, middle-, and short-term components of the landscape response,
where l* is the dimensionless expression of length (for H r and H n ) or area (for H b ). This raw measure of R must then be corrected for the effect of the drainage network's hierarchical structure. Indeed, the size contrast between trunk and tributaries controls, through the degree of drainage area change at junctions, the pattern of migration rates of the erosion front within the system, and thus affects the behaviour of the metric (Demoulin, 2012) . As these size contrasts are tightly related to the catchment shape, and especially elongation E (in an elongated basin, many very small tributaries typically flow directly within a much larger trunk stream), we apply a correction factor 1 / √E, where E is calculated as 4A / (π * L b 2 ), with L b = maximal length of the catchment, measured from its outlet. The composite nature of R incorporates the fact that the system's transient response to a base level change occurs primarily through the propagation of a wave of erosion travelling from any catchment outlet upstream through their drainage network, and consequently makes the metric able to extract time information from the landscape shape. Therefore, this metric offers another way to tackle the time versus rate issue of knickpoint retreat, which most authors have so far addressed by using more or less well constrained time data to infer rates of knickpoint migration and incision (e.g., Berlin and Anderson, 2007; Crosby and Whipple, 2006; Schildgen et al., 2012; Whittaker and Boulton, 2012) and, in some cases, response time estimates (Whittaker et al., 2007) , rather than deriving time information from the observed progress of knickpoint propagation. Demoulin (2011) has shown that, following a base level lowering and the subsequent identical increase in all three integrals, which leaves R initially unchanged, the initial stage of a catchment's response is characterized by a marked decrease in ∫ H r , while ∫ H n diminishes only slightly and ∫ H b hardly changes, leading to a rapid increase in R. Then, in the middle term (>10 4 -10 5 yr), the low courses of trunk stream and major tributaries having reached a new equilibrium, erosion proceeds at a progressively slower pace in the upper course of the trunk while it propagates simultaneously in an increasing number of tributaries and sub-tributaries, so that the decrease in ∫ H r slows down and, concurrently, that in ∫ H n accelerates strongly. In the same time, ∫ H b is still more or less unaffected. This stage of the evolution, which lasts a few million years in areas of moderate uplift and relief (Whipple, 2001; Whittaker et al., 2007) , depending on factors such as rock resistance or climate, and results in a slow decrease in R with time, lends all its interest to the metric, especially because the resulting dating potential covers the time scales where most other methods fail. However, besides time, the size of the contributing drainage area appears to be another primary control on R and this effect must be removed in order to isolate the temporal information. Fortunately, the logarithmic function linking the metric to A is typical of each region of uniform uplift time, and Demoulin (2011) has shown that the derivative S R of the function R = f(ln A) is theoretically expected to evolve also continuously with time during the transient response to an uplift signal (that may take the form of either a pulse or a step increase in uplift rate), following a temporal pattern very similar to that of the R changes. Therefore, this derivative may be used as another time indicator, this time free of basin size effect, and, based on data from 9 uplifted regions worldwide where the time of the last increase in uplift rate was independently known, Demoulin (2012) recently proposed an empirical quantitative relation linking S R to the age of uplift (in million years) and reading
Though having already provided encouraging results (Demoulin, 2011 (Demoulin, , 2012 , this method is still in its infancy, and future developments should allow overcoming some technical limitations and understanding the potential role of as yet unexplored external controls. Firstly, as it requires estimating the relation between R and catchment size, and as data of rivers with catchment larger than 150 km 2 are needed to stabilize this relation, the uplifted area under study must be large enough to encompass several such rivers, ideally including a few rivers with drainage area above 1000 km 2 , which is the case of the Biga Peninsula (Table 1) .
Secondly, while the effects of random variations of factors controlling incision (like, e.g., contrasted rock resistance) generally cancel mutually in the relation between R and ln A and the interregional differences in such factors are damped to some extent by their intra-regional variability (Demoulin, 2012) , there should not be systematic biases in their spatial distribution, which may then cause systematic differences in erosional behaviour between trunk stream and tributaries. Here, we make the reasonable assumption that, having excluded the Neogene basins from the analysis, contrasts in rock resistance among the basement and volcanic rocks of the uplifted areas are not strong enough to perturb significantly the results.
Thirdly, noise in the R measurements may also arise when the tributary network of a catchment departs significantly from a uniform spatial distribution, biasing the H n value and, consequently, the R estimate. Such a strong bias is generally suspected for catchments displaying a marked pear-like shape, opposing a narrow upper or lower half to a wide other one, where the correction for catchment elongation is ineffective. Therefore, beyond uniform coverage of the study area, the two main selection criteria for rivers to enter our data set were (1) contribute to a balanced representation of the whole range of basin sizes present in the region and (2) not show a highly disequilibrated spatial distribution of its tributaries. Fig. 2 . Description of the R metric components for river #21 of our data set: l* = l / l 0 , with l 0 = length of the river, cumulative length of its drainage network, and basin area respectively for H r , H n , and H b ; h* = h / h 0 , with h 0 = basin relief. H b , H n and H r are the hypsometric curves, i.e., cumulative distributions of altitudes, of the basin, the drainage network, and the trunk stream (H r is therefore simply the trunk stream long profile). E describes the basin's elongation.
Finally, the parameterization of the quantitative relation used to derive age information from the R/S R measurements is ensured only under the assumption of en-bloc uplift or, at least, of an uplift area clearly delimited by breaks in slope that cause the formation of knickpoints in the drainage network. The often fault-bounded uplifted areas of the Biga Peninsula, displaying sharp topographical breaks toward the surrounding seas and adjacent basins satisfy this condition. We also assume that discrete structures within the study area were only moderately active, thus inducing at worst limited noise in the data. Moreover, preliminary modelling work has shown that other uplift geometries lead to a similar power-law relation between time and S R (Croissant, 2012) and suggests that a strong departure from the en-bloc uplift model is needed to modify significantly the calibration of the relation and the inferred times.
Our data set is composed of 29 rivers ranging from small thirdorder streams to all major rivers draining the peninsula, thus including the Karamenderes, Biga and Gönen rivers (Fig. 3A) . Most small rivers taking their source around the Kazdag summits are also included. Streams that flow for a significant part of their course within basins between the uplifted areas have been discarded. For the same reason, the R values of the Biga and Gönen rivers refer only to their course from source to entrance in the respective Biga and Gönen basins (see in Fig. 3A the stream portions used for R calculations). As the rivers of the data set have drainage areas in the range 10 7.3 -10 9.3 m 2 , all the metrics we used could be satisfactorily estimated from the SRTM 3″ digital elevation model in its 'filled' version 2, available from the CGIAR-CSI (http://srtm.csi.cgiar.org/). The SRTM data cover all land area between latitudes 60°N and 60°S with a resolution of 3 × 3 arc sec, which we resampled here to obtain square pixels of 90 × 90 m. Data extraction was carried out with ArcMap 9.3.1, first-order streams of the drainage network being defined to start for catchment area >0.5 km 2 . Channel slope has been calculated from the elevations of channel pixels only, using a 15 pixels smoothing window in order to reduce the data noise to an acceptable level and not to bias the concavity and steepness estimates. The method used to obtain the hypsometric curves and integrals of basin, drainage network and trunk stream was described in detail by Demoulin (2011) . Despite the rather poor resolution of the data, the induced uncertainty on R has been empirically shown not to exceed a few percents. Its effect on S R is small and remains within the standard error on the index as calculated from the regression of R on ln A.
Knickpoint propagation modelling
A number of rivers in our data set display knickpoints in their current long profile. Well-defined knickpoints, identified as sharp convexities interrupting otherwise concave-up profiles, have been located in 14 rivers (Fig. 3A) . We exploit them here in an attempt to obtain independent indication on the time of the last uplift signal, which is assumed to have caused their creation and migration. As most knickpoints are observed in middle-to small-sized rivers flowing with steep gradients down uplifted areas, the detachmentlimited model based on the unit stream power law, a model relevant for bedrock channel erosion (Whipple and Tucker, 1999) , is adequately used here. In its simplest form, neglecting for example all sediment load effects, this model states that
where E = erosion rate, and m, n and K are parameters, K describing erosional efficiency. The value of n is mostly estimated between 0.7 and 1 (e.g., van der Beek and Bishop, 2003) and commonly taken as 1 in the analysis of knickpoint data sets (e.g., Berlin and Anderson, 2007) , in which case derivation of the stream power law yields a kinematic wave equation for the celerity C of upstream propagation of knickpoints This is consistent with the sharp profile of many knickpoints observed in the upstream reaches of rivers in the Biga Peninsula, which suggests a prevailing advective component of migration, and we consequently assume that n = 1. However, whereas such modelling of knickpoint retreat generally aims at parameter estimation using existing time constraints, we are here rather interested in time estimation. We model therefore knickpoint propagation under different time constraints between 0.1 and 3 Ma, with the purpose of comparing the parameter (especially, K) values obtained under these assumed ages with values mentioned in the literature for regions of similar climatic and tectonic settings. A subsidiary aim is also to test the quality of the model fit and ascertain whether the knickpoint data set on which it relies is homogeneous, bearing then witness to a simultaneous signal throughout the study area. Fig. 3 . A. Location of the studied rivers, numbered as in Table 1 , and of the knickpoints used to model the propagation of the erosion wave (stars denote actual location of the knickpoints, pointed circles their modelled location under an assumed age of 0.8 Ma). B. Map of normalized steepness k sn values: streams with values higher than the sample mean appear as thick lines. C. Map of residual steepness values (after removal of the correlation with θ): streams with positive residuals appear as thick lines.
Results
Concavity/steepness analysis
All morphometric indices obtained for the 29 studied rivers are presented in Table 1 . With the exception of one outlier, the profile concavity values are in the range 0.100-0.810 with a mean of 0.475, hardly different from the value of~0.5 often expected at steady state. More instructive is the large dispersion of the concavity data (σ = 0.245), whose cause is easily identified in the dependence of profile concavity on size of the river (Fig. 4) . Indeed, concavity, which corresponds mathematically to the slope of the log-log relation between channel gradient S and drainage area A, appears here to be itself significantly linked to basin size, by an expression that adjusts to θ ¼ 0:25 Ã log 10 A -0:06 ð6Þ with n = 29 and r = 0.55, A being expressed in km 2 . Larger rivers display higher profile-averaged concavity than smaller ones because they responded faster to the perturbation and propagated the transient zone of steep channel gradients proportionally farther upstream in their profile. This dependence of profile concavity on drainage area thus indicates that the drainage system is in a fairly advanced phase of adjustment after the last tectonic perturbation but has not yet reached a new equilibrium. Incidentally, this underlines the often overlooked fact that, when dealing with rivers in actively uplifting areas, the assumption of steady state has to be carefully evaluated before interpreting profile concavity. One will further note that the same remark is often valid for other morphometric indices, and notably for the commonly used basin's hypsometric integral (Chen et al., 2003) . In the Biga Peninsula, the basin integral (Table 1) is for instance still more strongly related to basin size by
(n = 29, r = 0.76) (Fig. 4) , so as are also the drainage network and trunk stream integrals (respectively with r = 0.58 and 0.66). The dependence of basin integral on catchment size, which has been shown not to exist at steady state (Cheng et al., 2012; Walcott and Summerfield, 2008) , confirms that the transient response of the Kazdag area to uplift is not yet completed. Though the enhancement of this relation between basin integral and drainage area also depends on methodological factors, such as the location of the sampled basins of different sizes with respect to the regional topographic envelope, this stresses that basin size is a main control on many morphometric indices that describe the drainage network or its individual components in transient settings. Finally, it is worth noting that, beyond the regional correlation between θ and A (Eq. (6)) showing that the system is still far from adjusted, an analysis of the residuals of the regression, and especially a search for patterns in their spatial distribution, did not provide any indication of another control on intra-regional variations of θ.
As indicated earlier, steepness k s values contain uplift rate information. This is at least true for equilibrium profiles, as the steady-state expression of detachment-limited fluvial erosion models may read as
where the factor (UK −1 ) 1/n equates k s and m/n = θ (see Whipple and Tucker (1999) for the nondimensional equivalent of Eq. (8)). Fortunately, normalization of k s removes its dependence on θ and thus also the effect of profile disequilibrium on it, so that k sn values may be used to identify spatially variable uplift rates in transient conditions. A reference concavity θ ref of 0.643 was obtained for the Biga Peninsula from a regression on the data set regrouping all S and A values of the 29 studied streams (but note that any other reference value would have had the same effect of fixing the influence of concavity). However, another easy way of getting rid of the dependence of steepness on concavity is to perform a residual analysis of the regression of the former on the latter. Both sets, respectively of normalized and residual steepness data, yielded approximately the same subset of highest values regrouping streams that take their source close to the Kazdag summits ( Fig. 3B and C) . This clearly points to uplift rates higher in this area than in the rest of the peninsula, something that was in fact already obvious from the topography. The distributions of both measures of steepness confirm this distinction (Fig. 5 ) and show no other distinguishable subset of values, most probably because the degree of differential uplift is much less marked outside the Kazdag massif sensu stricto. A comparison of the two distributions also suggests that steepness residuals might be slightly more efficient than the usually calculated normalized steepness in separating areas of different uplift rates.
R/S R analysis
Taking into account all rivers of the data set (Table 1) , we obtained the following relation between R and basin size
with A expressed in km 2 (Fig. 6 ). This relation expresses the fact that, following a base level lowering, the change in R of any catchment is first governed by the contrast in velocity with which their trunk stream and tributaries respond by regressive erosion. Higher contrasts causing greater increases in R in larger catchments result in a rapid initial steepening of the relation's slope, i.e., an increase in the S R index. Then, in the middle-term, further propagation of the erosion wave in the tributaries and sub-tributaries leads to a progressive decrease in R at a rate that is likewise dependent on catchment size, so that S R now gradually decreases with time. The value of the S R index and its associated error are here of 0.324 ± 0.035 at the 95% confidence level. Referring to the time-S R relation established by Demoulin (2012) (Eq. (3)), this provides an age range of 0.5-1.3 Ma and a most probable value of 0.8 Ma for the time of the last tectonic perturbation in the Biga Peninsula. However, although we limited our analysis to river courses outside the main basins, the largest rivers of the data set (especially the Karamenderes, Gönen, Biga, and the river draining the Edremit basin) still include sections running across hardly uplifted, or even subsiding, inter-range basins (Fig. 1) . As the presence of such sections might affect the calculated ∫ H r and, consequently, the R value of these rivers, we also determined a regional S R value of 0.29 ± 0.05 from a reduced data set (n = 25, excluding the four mentioned streams). Beyond the fact that the obtained index values and the associated times are not statistically different, we consider that the age derived from the whole data set is more reliable because including the largest rivers in the data set widens considerably the range of basin sizes, thus allowing S R to be statistically better defined. Furthermore, Demoulin (2012) suggested that rock resistancedependent variations in erosion rate are probably only a second-order control on the parameterization of the relation between S R and time, and thus on age estimates, because intra-regional variability in bedrock erodibility largely reduces the interregional variations of average rock resistance. This is particularly true for the Biga Peninsula, whose substrates are in the range of those displayed by the regions entering the definition of the t = f(S R ) relation, with a variability that is assumed to average to a regional rock strength in the central part of the spectrum. Likewise, the total absence of correlation between profile normalized steepness k sn (indicative of uplift rate) and R tends to confirm the independence of S R on U. Moreover, this has been empirically ascertained by separate estimation of S R for subareas of higher (Kazdag massif) and lower uplift rate. The obtained values respectively amounted to 0.30 and 0.33, thus being statistically different neither from each other, nor from the regional figure of 0.32. In brief, the morphological and lithological settings of the region lend themselves ideally to a reliable R/S R analysis, which resulted in an age estimate of 0.8 Ma (late Early Pleistocene) for the last pulse, or acceleration, of uplift within the Plio-Quaternary phase of extension and uplift in NW Turkey.
Knickpoint analysis
The results of the knickpoint propagation modelling are presented in Table 2 and Fig. 3A . The fit is only of moderate quality, probably because of the imbalanced spatial distribution of the data (small travel distances for knickpoints migrating in the small catchments of the Kazdag Mountains versus longer distances for knickpoints in larger catchments in the rest of the Peninsula) and small variations in actual K values (while K is considered spatially constant in the modelling), most easily explained by spatial changes in uplift rate and/or lithology. However, the distance residuals (mean residual = 0.2 km, standard deviation = 5.5 km) do not show any spatial clustering that would have contradicted the regional character of the tectonic signal at the origin of the erosion wave (Fig. 3A) . As for the parameterization of the stream power law, the obtained K values cannot be directly compared with those of the literature owing to the case-dependent trade-off between K and m. We thus first scaled all (published and calculated) K values with m = 0.5 (and under the assumption of n = 1) according to the empirical relation Δ(log 10 K) ≈ −8Δm, a figure repeatedly appearing in the mapping of model misfit in the (K, m) space (Beckers et al., submitted for publication; Berlin and Anderson, 2007) . Then, as K is admittedly strongly dependent on, notably, precipitation depth, bedrock erodibility, and uplift rate, we used these factors to separate the published K values in three groups of distinct erosion efficiency. In the intermediate group, we gathered regions with similar controls on K as those in the Biga Peninsula, namely predominant volcanic and metasedimentary rocks, uplift rate b 0.5 mm/yr, and annual rainfall between 0.7 and 1.5 m (Sarıkaya et al., 2008) . Regions with harder bedrock (crystalline rocks) or more arid conditions (P b 0.5 m) were assigned to the group of lower erosional efficiency, while regions with either softer bedrock (e.g., mudstones), higher annual rainfall (P > 2 m), or higher uplift rate (U > 3 mm/yr) formed the third group, of higher erosional efficiency. Doing so, we reduced the range of plausible scaled K values in the Biga Peninsula to about one order of magnitude, from~0.7 10 − 6 to 10 − 5 .
The knickpoint modelling results show that, in the Biga Peninsula, uplift ages within the 0.5-1.3 Ma range yielded by the R/S R morphometric analysis lead to m and K estimates of respectively 0.70-0.72 and 1.9 × 10 -3.0 × 10 −6 and are therefore quite consistent with those published for regions undergoing similar climatic, lithological, and tectonic controls (Fig. 7) . By contrast, the scaled K estimate of 4.6 × 10 −7 obtained when constraining the uplift age to 3 Ma is inconsistent with the available set of published values, clearly showing that the erosion wave materialized by the studied set of knickpoints cannot correspond to the onset of the Plio-Quaternary uplift phase of the Kazdag, but responded rather to a later signal within this phase. As for the K estimate (1.5 × 10 −5
) associated with an age constraint of 0.1 Ma, it falls outside the range of plausible values but very close to its highest limit under environmental conditions similar to those of the Biga region, suggesting that an uplift age slightly lower than that delivered by the R/S R analysis might also be compatible with the knickpoint data set.
Discussion
Uplift characteristics
Our morphometric dating of the last uplift event in the Biga Peninsula, and especially in the Kazdag massif, represents an independent age estimate. As a whole, the results of the knickpoint analysis constitute another independent line of argument tending to support the early Middle Pleistocene age of the uplift signal. These estimates need now to be compared with the uplift/incision chronology that may be defined from other geomorphic and geological data.
It is difficult to decide whether this event was a short-lived pulse of accelerated uplift or the onset of a longer-lasting increase in uplift rate. The presence of retreating knickpoints in the drainage system would rather favour the pulse hypothesis. Though somewhat obscured by its drowning below the Gönen reservoir, the knickpointlike discontinuity observed in the present long profile of the Gönen River, one of the major regional rivers, allows estimating the amount of base level drop that caused it to form. Using the 0.75 concavity value calculated for the equilibrium profile upstream of the knickpoint's current position, we reconstructed its pre-incision downstream prolongation (Fig. 8) , which passes a good 60 m above the present profile south of the city of Gönen, where Efe et al. (2011) described upper terrace remnants. We thus tentatively suggest that the prolonged profile might correspond to their highest terrace level, whose relative elevation is of~80 m about 10 km south of Gönen, where the knickpoint initially formed at the limit between the Gönen basin to the north and the uplifting massif to the south.
We may also infer approximate incision depths from the observed relative positions of the H n and H r curves with respect to their expected positions at equilibrium for a given basin size. Such data for the largest rivers of the region (Karamenderes, Gönen, Biga) consistently indicate that the amplitude of the erosion wave was in the order of 70-90 m, i.e., a non-negligible fraction of the~500 m of Plio-Quaternary uplift in the peninsula. If such an early Middle Pleistocene uplift pulse may be correlated with the tectonic transition described by Schattner (2010) at the same time in eastern Mediterranean, its short duration would imply an uplift rate in the order of 0.5-1 mm/yr, significantly higher than the background rate of~0.2 mm/yr (~500 m/~3 Ma).
Marine terraces, basin sedimentation and river terraces
In principle, two main geomorphic markers may be used for comparison purposes, namely marine and river terraces. Considering the distribution of elevated areas in the Biga Peninsula, uplifted marine terraces may be expected to be present especially along the northern coast of the Edremit gulf and in the Çanakkale Strait.
Although marine terraces raised up to 80-100 m asl by normal fault movements are mentioned along the coast of the Edremit gulf west of Küçükkuyu (Yilmaz and Karacik, 2001) , neither a detailed study of their distribution, nor any age indication is available so far. Likewise, the greatest seismic stratigraphic resolution proposed for the sediment pile in the gulf of Edremit does not go beyond separating 4 layers within Neogene deposits overlain by Holocene sediments (Kurtuluş et al., 2009) , or an upper 200-to 750-m-thick sequence corresponding to the 'post Lower Pliocene' graben fill (Yilmaz and Karacik, 2001) , and is thus of no help for detecting phases of increased activity within the Plio-Quaternary period in this area. However, Işler et al. (2008) interestingly mentioned that Quaternary sedimentation in the Bayramiç depression, northwest of the Kazdag massif, might have come to an end around 1.2 Ma, yielding to river incision through the~150-m-thick early Pleistocene fill since then. This suggests that, from this time, the depression ceased to behave individually and was incorporated in the regional uplift trend that our R/S R results identify approximately at the same time.
In the north of the peninsula, Yaltırak et al. (2000) noted that remnants of shore deposits belonging to the Middle to Late Pleistocene Marmara Formation (Sakınç and Yaltırak, 1997) are observed as raised marine terraces at various elevations along the Çanakkale Strait. According to dates obtained not only for these onshore deposits but also for sediments that Yaltırak et al. (2000) considered as their offshore counterpart in the eastern Marmara Sea (although Gökaşan et al. (2008) interpreted the same seismic data in a substantially different way), uplift of the Strait's coasts would be going on since at least 600 ky. Relying on U/Th age data and comparing the present elevation of these marine terraces with sea level stand in the Marmara Sea during sediment deposition, Yaltırak et al. (2002) provided uplift rates for the Strait area on the order of 0.4 mm/yr since~225 ka. However, the Çanakkale basin, in which the marine terraces are found, is morphologically clearly distinct from the uplifted NW part of the Biga Peninsula, also called the BozcaadaBiga ridge by Gökaşan et al. (2011) (Fig. 1B) . The Late Miocene to Quaternary clastic sediments of the basin lie unconformably on the pre-Miocene to Miocene basement that constitutes the ridge, evidencing differential vertical movement between basin and ridge during this period (Gökaşan et al., 2011) , at least until raised marine terraces indicate recent inclusion of the basin in the uplift area, much in the same way as the Bayramiç depression though with more poorly constrained dating (>600 ka?). Available data on the river terrace staircase in the valleys of the Biga Peninsula are still fewer and less conclusive. For instance, Efe et al. (2011) mentioned the presence of two levels of 'upper terraces' at 100-130 and 50-70 m asl (which approximately corresponds to 80 and 30 m above the present floodplain) along the course of the Gönen River at its entrance in the Gönen basin. They claimed, but did not demonstrate, that river incision and terrace formation were due to an acceleration of uplift during the Early and Middle Pleistocene. In addition, Erol (1981 Erol ( , 1982 , Efe (1994) , Koç (2007) and a few others also provided scattered qualitative information on river terraces in several valleys of the peninsula, which is unfortunately totally useless for our purpose.
In summary, very few data are so far available to trace back the peninsula's Quaternary uplift. There is in particular an urgent need for detailed terrace studies in the Biga Peninsula, including terrace dating. Meanwhile, the usefulness of the quantitative morphometric approach as an exploratory tool in regions devoid of dated geomorphic markers is highlighted. In the absence of dated terraces, the R/S R age of 0.8 Ma for the last uplift event in the region appears fairly consistent with the limited time information provided by geological data, namely the sedimentation/erosion history of the Bayramiç depression and the Çanakkale area, and it will serve guiding further analysis of the geomorphic indicators of uplift.
Geodynamic meaning of a Biga Peninsula uplift around 0.8 Ma
Authors dealing with the recent vertical tectonic evolution of the Biga Peninsula generally favour one of two probably superposed influences, namely N-S back-arc extension activating a series of E-W grabens (up to the Edremit and Bayramiç-Etili grabens to the north) and horsts in the rear of the Hellenic subduction zone, or shear deformation along the northern edge of the west-moving Anatolian microplate, with either transpression or transtension along differently oriented segments of the NAFZ. Extension is assumed to prevail regionally since the Late Miocene, while westward propagation of the North Anatolian Shear Zone in the peninsula occurred during Plio-Quaternary times (Sengör et al., 2005) . Even though the deformation has concentrated on the northern branch of the NAFZ probably since 200 ka (Le Pichon et al., 2001) , the central and southern branches running across the peninsula are still active, as demonstrated by several earthquakes of M w~7 that occurred there during the last 100 years.
In this context, the results of the R/S R morphometric analysis combine well with the observation of Middle Pleistocene basin inversion in the Bayramiç and Çanakkale areas to show that, from~0.8 Ma onwards, the peninsula as a whole underwent uplift. Therefore, whereas transpression along SW-trending segments of the NAFZ branches (Gökaşan et al., 2011; Okay and Satir, 2000) and/or horst development previously caused localized uplift in the Kazdag massif s.s. and the Bozcaada-Biga ridge, an additional, more regional cause of deformation seems to appear at that time. Such a larger-scale trigger might be found in a temporary increase of compressive stresses within the Anatolian plate, whose westward motion is resisted by the GreeceBalkan domain. This resistance induced firstly anticlockwise rotation of western Anatolia toward SW (Sengör and Yilmaz, 1981) , probably in the last 2-3 My according to palaeomagnetic data (Piper et al., 2010) , and possibly led to extension between a number of blocks behaving as broken slats in the intervening area (Taymaz et al., 1991; Yaltırak et al., 2012) . Then, plate convergence caused the Eratosthenes seamount, rising more than 1 km above the oceanic crust of eastern Mediterranean, to collide with the Cyprus arc in the late Early Pleistocene, temporarily interrupting subduction and triggering compression of the Anatolian plate (Schattner, 2010) . In the frame of this early-to-mid Pleistocene tectonic event, we suggest that rotation of western Anatolia might have been supplemented, around 0.8 Ma, by a compressional component focused on the bending tip of the Anatolian plate. Forming the western limb of a major N-S tectonic hinge line that changes the structural grain from NW to SW in the bending area (Yilmaz et al., 2010) and that thus potentially concentrates the deformation, the Biga Peninsula (and probably also the equally uplifted Balikesir Plateau to the east) would have accommodated a main part of this compressive component through increased uplift. Indeed, though this compression episode, documented also in central Anatolia by fault kinematic analyses (Barka et al., 2000; Over et al., 1997) , was probably short-lived, the resulting temporary increase in uplift rate was sufficient to induce a wave or river incision that is still propagating within the regional drainage system, as revealed by our R/S R results. One may further hypothesize that the recent transfer and concentration of shearing in the narrower line of the northern branch of the NAFZ, along the northern edge of the peninsula, also responded to these momentarily changed stress conditions. However, the high steepness of the long profiles of streams flowing down the Kazdag massif, which indicates persisting higher uplift rates in this area, and the continued seismotectonic activity of the southern branch of the NAFZ, bear witness to the persistence, after the compressional episode, of a more local transpressive component of uplift.
Conclusions
Based on the use of classical long profile metrics and the new R/S R global approach of the regional drainage network, the morphometric analysis of the fluvial landscape of the Biga Peninsula, NW Turkey, provided quantitative information on the time of the last tectonic perturbation that caused a regional relative base level lowering large enough to trigger a wave of regressive erosion with measurable morphological effects. Also recorded by migrating knickpoints in a set of river long profiles, this event has been estimated to date back to~0.8 Ma and seems to be echoed in a change of sense of the vertical motion in several previously subsiding basins. It might correspond to a temporary regional-scale compressional episode caused by the Eratosthenes seamount colliding with the Cyprus arc, and transmitted to the peninsula through the westward push of Anatolia on the Aegean domain. Moreover, the concavity/steepness analysis of river long profiles indicates that current uplift rates remain higher in the Kazdag massif than in the rest of the peninsula, most probably suggesting that transpressive conditions associated with the Plio-Quaternary propagation of the North Anatolian Shear Zone in the peninsula continue to locally produce an additional component of uplift. These findings bring therefore new geomorphic data that helps to address the discussion of the complex geodynamic evolution of the Aegean domain. They also underline the usefulness of the geomorphometric approach, which should systematically belong to the range of techniques applied in the study of tectonically active areas.
